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ABSTRACT Macromolecular transport between the nucleus and cytoplasm occurs through the nuclear pore complexes
(NPCs). The NPC in the budding yeast Saccharomyces cerevisiae is a 60-MDa structure embedded in the nuclear envelope
and composed of 30 proteins, termed nucleoporins or nups. Here we present a large-scale analysis of spatial relationships
between nucleoporins using fluorescence resonance energy transfer (FRET) in living yeast cells. Energy transfer was
measured in a panel of strains, each of which coexpresses the enhanced cyan and yellow fluorescent proteins as fusions to
distinct nucleoporins. With this approach, we have determined 13 nucleoporin pairs yielding FRET signals. Independent
experiments are consistent with the FRET results: Nup120 localization is perturbed in the nic96–1 mutant, as is Nup82
localization in the nup116 mutant. To better understand the spatial relationship represented by an in vivo FRET signal, we
have investigated the requirements of these signals. We demonstrate that in one case FRET signal is lost upon insertion of
a short spacer between the nucleoporin and its enhanced yellow fluorescent protein label. We also show that the Nup120
FRET signals depend on whether the fluorescent moiety is fused to the N- or C-terminus of Nup120. Combined with existing
data on NPC structure, the FRET pairs identified in this study allow us to propose a refined molecular model of the NPC. We
suggest that the approach may serve as a prototype for the in situ study of other large macromolecular complexes.
INTRODUCTION
Understanding the organization of large macromolecular
complexes is critical to dissecting their function. We have
undertaken studies of one such structure in the cell, the
nuclear pore complex (NPC), the centerpiece of the trans-
port system between the nucleus and cytoplasm.
The compartmentalization of the eukaryotic cell into the
nucleus and cytoplasm provides a means of regulating many
cellular processes such as signal transduction, gene expres-
sion, and cell division (Nigg, 1997). All macromolecular
transport between these compartments is thought to occur
through the NPCs (Corbett and Silver, 1997; Davis, 1995).
The low-resolution structure of the NPC has been eluci-
dated by electron cryomicroscopy and is marked by eight-
fold rotational symmetry (reviewed in Stoffler et al., 1999).
Vertebrate and yeast NPCs have conserved structural do-
mains such as the inner spoke ring, the cytoplasmic fibrils,
and the nuclear basket (Yang et al., 1998). Vertebrate NPCs
are 125 MDa and measure 120 nm in diameter and
210 nm end-to-end; the corresponding values for yeast
NPCs are 60 MDa, 100 nm, and 175 nm (Fahrenkrog et al.,
1998).
The yeast NPC is composed of 30 proteins termed
nucleoporins or nups, each present in multiple copies (Rout
et al., 2000). Most nucleoporins are present on the cytoplas-
mic and nuclear faces of the NPC, as determined by immu-
noelectron microscopy; however, some nucleoporins have
asymmetric localization, with interesting implications for
their function in translocation. Subcomplexes of nucleopor-
ins have been isolated and characterized to varying degrees.
Perhaps best characterized is the Nup84 subcomplex: inter-
actions within the subcomplex have been identified by mass
spectrometry, and the purified subcomplex has been imaged
by electron microscopy (Rappsilber et al., 2000; Siniosso-
glou et al., 1996, 2000; Lutzmann et al., 2002).
The determination of the molecular organization of the
NPC will be crucial to understanding the mechanism of
nucleocytoplasmic translocation. At the minimum, translo-
cation involves interactions between cargo-binding karyo-
pherins and the NPC, with directionality conferred by the
compartmentalized control of karyopherin-cargo interac-
tions by the Ran GTPase (Mattaj and Englmeier, 1998;
Ohno et al., 1998). Individual karyopherin-nucleoporin in-
teractions would be more informative if placed in the con-
text of the entire NPC. However, the organization of the
NPC is difficult to analyze, as with any complex of this size.
Because of the limitations of in vitro experiments in this
context, we have pursued in vivo studies of NPC structural
organization.
Spatial relationships between proteins can be analyzed in
living cells by measuring fluorescence resonance energy
transfer (FRET) between the enhanced cyan and yellow
fluorescent proteins (ECFP and EYFP) (Tsien, 1998) ex-
pressed as fusions to proteins of interest. If the target
proteins are close in space and bring the fluorophores in
proximity, energy transfer from ECFP to EYFP can be
detected by exciting ECFP and observing both increased
EYFP emission and decreased ECFP emission. In general,
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energy transfer will occur only when the donor and acceptor
are very close in space and in a particular relative orienta-
tion, making FRET a highly sensitive method (Clegg, 1996;
Stryer, 1978). Green fluorescent protein (GFP)-based FRET
has been applied in many experimental systems to study
protein interactions as well as to measure local calcium
concentrations, phosphorylation kinetics, protein cleavage
kinetics, and other processes (Damelin and Silver, 2000;
Day, 1998; Heim and Tsien, 1996; Mahajan et al., 1998;
Miyawaki et al., 1997; Mochizuki et al., 2001; Jiang and
Sorkin, 2002; Majoul et al., 2001, 2002; Warren et al., 2002;
Sato et al., 2002; Immink et al., 2002; Ting et al., 2001;
Weiss et al., 2001; Wilson et al., 2002; Ruiz-Velasco and
Ikeda, 2001; Truong et al., 2001).
For the ECFP-EYFP pair, the interfluorophore distance
corresponding to 50% FRET efficiency, termed the Forster
radius Ro, is 49–52 Å (Tsien, 1998). FRET efficiency is
proportional to the inverse sixth power of interfluorophore
distance, and thus the Forster radius for a given FRET pair
is an indication of the distances that can be detected by
FRET. Therefore it is likely that ECFP-EYFP FRET signals
in living cells represent an interfluorophore distance of not
more than 50–60 Å. Because the fluorophores are buried
inside the fluorescent proteins, this distance corresponds to
a maximum separation between the ECFP and EYFP mol-
ecules themselves of 25–35 Å.
The ease of genetic manipulation in yeast allows the
implementation of FRET in screening extensive sets of
protein pairs (Damelin and Silver, 2000). In this study, we
have used a FRET assay to investigate the structural orga-
nization of the yeast NPC. We have defined spatial rela-
tionships for 13 pairs of nucleoporins and have applied the
data to generate a refined molecular model of the NPC. This
study is distinct from our previous work (Damelin and
Silver, 2000), in which we investigated interactions between
proteins moving through the NPC and the nucleoporins;
those results allowed us to analyze nuclear transport path-
ways but not the organization of the NPC. Our current
results demonstrate that the approach can be used to probe
the structural organization of multiprotein complexes. Con-
sequently, this type of large-scale analysis has implications
for studies of other macromolecular complexes whose struc-
tures are not known.
MATERIALS AND METHODS
Plasmid construction
The cassettes pRS304-ECFP-3UTR (pPS1890) and pRS306-EYFP-
3UTR (pPS1891) and most NUP-EYFP plasmids have been described
(Damelin and Silver, 2000). In these cases, ECFP or EYFP was fused to the
C-terminus of the targeted gene. The vectors lack a yeast autonomous
replication sequence and must integrate into the genome to be propagated.
DNA encoding a C-terminal fragment of a given NUP gene was amplified
by PCR from genomic DNA and cloned into pPS1890 and pPS1891. Each
plasmid is linearized at a unique restriction site in the NUP fragment to
target genomic integration to the NUP locus. Gene duplication is avoided
because the plasmid contains only a small fragment of the NUP gene.
To generate pRS304-ECFP-NUP120 (pPS2704), with ECFP fused to
the N-terminus of NUP120, the 1-kb genomic fragment upstream of the
NOP1 gene, ECFP, and a 500-bp fragment of the 5 end of NUP120 were
inserted into pRS304.
For the linker studies, a duplex oligonucleotide encoding 15 consecutive
proline residues with an Ala-Arg-Ala flanking sequence on both sides was
cloned into NUP53-EYFP (pPS1906), yielding pRS306-NUP53-Pro(15)-
EYFP (pPS2705), and into NLS-ECFP-EYFP (pPS1889), yielding
pRS316-NLS-ECFP-Pro(15)-EYFP (pPS2706). To generate pRS316-NLS-
ECFP-spectrin-EYFP (pPS2707), DNA encoding residues 50–158 of
-spectrin (kindly provided by D. Speicher, Wistar Institute, Philadelphia,
PA) was amplified by PCR, cloned into pCR-Blunt (Invitrogen, Carlsbad,
CA) and then into pPS1889.
Yeast strains
The wild-type strain is the haploid FY23 in the S288C background (Win-
ston et al., 1995). Yeast strains were transformed with the lithium acetate
method. Individual transformants were checked for expression of ECFP-
and EYFP-fusion proteins by microscopy and by immunoblotting with
-GFP antibody. We first generated a panel of Nup-EYFP strains (see
Results and Damelin and Silver, 2000). We then transformed each Nup-
EYFP strain with each of the other NUP-ECFP plasmids to generate 162
double-labeled strains. The Nup-EYFP strains were also transformed with
ECFP-NUP120 to generate 12 additional double-labeled strains. In all
cases, several transformants were examined under the microscope for
coexpression of the two fusions. For certain nucleoporin pairs, only some
transformants coexpressed both fusions, but these cells still grew at the
wild-type rate (data not shown). For all strains showing a FRET signal,
PCR analysis was used to confirm integration of DNA encoding EYFP and
ECFP at the correct NUP loci. Immunoblot analysis with -GFP antibody
was used to check coexpression of the fusion proteins. In 20 cases, none of
the transformants that were examined coexpressed both fusions; these
ECFP/EYFP pairs were Nup1/Nup49, Nup49/Nup1, Nup1/Nup85, Nup85/
Nup1, Nic96/Nup49, Nup49/Nic96, Nic96/Nup85, Nup85/Nic96, Nup188/
Nup49, Nup49/Nup188, Nup59/Nup133, Nup49/Nup85, Nup59/Nup53,
Nup1/Nup145, Nup59/Nup84, Nup59/Nup85, Nic96/Nup59, Nup1/Nic96,
Nup59/Nup49, and Nup49/Nup82. Some of these pairs correspond to
known genetic interactions (e.g., Nup59/Nup53) or physical interac-
tions (e.g., Nup49/Nic96), but most do not. It is unclear whether a
problem in strain construction generally reflects an interaction between
the nucleoporins. Occasional expression problems are common in large-
scale analyses.
To examine the localization of Nup-EYFP fusions when putative inter-
acting nucleoporins were mutated, NUP-EYFP plasmids were introduced
into mutant strains. The nic96–1 strain (Grandi et al., 1995b) was trans-
formed to generate nic96–1 NUP120-EYFP (PSY2161) and nic96–1
NUP116-EYFP (PSY2162). The nup116 strain SWY27 (Wente and Blo-
bel, 1993) was first backcrossed to wild-type FY86 to produce PSY1634,
a nup116 strain that is ADE2 and thus does not accumulate red pigment.
PSY1634 was transformed to generate nup116 NUP82-EYFP (PSY2163)
and nup116 NIC96-EYFP (PSY2164).
Microscopy
Cells were grown at 25°C to log phase in synthetic complete (SC) medium,
transferred to slides, and examined immediately. Cells were observed with
a Nikon Diaphot-300 epifluorescence microscope, a 60 1.4 NA Plan-
APO objective, and Nomarski optics or the following filter sets (Omega
Optical, Brattleboro, VT): CFP, 440-nm/20-nm excitation filter, 455-nm
longpass dichroic filter, 480-nm/30-nm emission filter; YFP, 500/25-nm
excitation, 525-nm longpass, 545/35-nm emission; FRET, 440/20-nm ex-
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citation, 455-nm longpass, 535/25-nm emission. Images were captured
with a liquid-cooled CCD camera (Photometrics, Tucson, AZ) equipped
with a KAF-1400 chip, operated by the MetaMorph Imaging System
(Universal Imaging Corp., West Chester, PA) and a model D122 shutter
driver (UniBlitz, Rochester, NY).
The analysis of digitized microscope images allowed the selection of a
certain region of the cell and thus optimized the signal-to-noise ratio.
Digitized images of individual cells were captured first with the FRET
filter set (1.5 s) and then with the CFP filter set (4 s). In cases where FRET2
was calculated, an image with the YFP filter set (2 s) was captured after the
FRET and before the CFP exposure. Settings for a given exposure were
identical for all images being compared. Using the MetaMorph program,
we highlighted the nuclear envelope and recorded the average pixel inten-
sity per area in that region for the FRET, YFP, and CFP filter sets. The
background intensity for each filter set was measured in empty fields and
subtracted from the intensity in each cell.
Quantitative analysis was performed with a two- or three-filter set
system. A simple ratio (Gordon et al., 1998; Hailey et al., 2002) was
used for all comparisons of nucleoporin pairs, because in these cases the
levels of ECFP and EYFP are consistent from cell to cell because of the
genomic integration of the constructs. In this case the quantified value
Q is defined by:
Q Ff/Df, (1)
where Ff is the signal intensity in the FRET filter set when both fluoro-
phores are expressed, and Df is the intensity in the CFP filter set. All
measurements are made with cells coexpressing ECFP and EYFP as
fusions to different nucleoporins. The Ff/Df ratio is equivalent to the
FRET/CFP ratio used previously (Damelin and Silver, 2000).
To identify positive FRET signals in nucleoporin pairs, Q was obtained
for individual cells in each yeast strain. The rank sum test was used to
statistically compare values for the various strains with a given Nup-ECFP,
because ECFP contributes substantial cross-talk signal. Because of the
cell-by-cell normalization of intensities, analysis of 12–15 cells per strain
was sufficient to generate statistically significant data. The Ff/Df ratios for
the cells in a given strain were averaged to yield the mean ratio. The mean
ratios shown in Table 1 are normalized within each set of Nup-ECFP
strains such that the average for the background strains is 1. This normal-
ization is meant to facilitate data analysis and is permissible because Q
values are not absolute.
The FRET2 calculation (Gordon et al., 1998) was used in the linker
studies based on nuclear localization signal (NLS)-ECFP-EYFP. In this
case additional corrections are needed because these proteins are overex-
pressed (in contrast to the nucleoporin fusions) and because the expression
levels from the plasmids fluctuate significantly from cell to cell. In our
setup, there is no ECFP signal in the YFP filter set (i.e., Ad  0) or EYFP
signal in the CFP filter set (i.e., Da  0). Thus, Eq. 13b from Gordon et al.
(1998) reduces to:
FRET2
Ff Df	Fd/Dd
 Af	Fa/Aa

Ff Df	Fd/Dd
 G Af	Fa/Aa

, (2)
where Ff and Df are defined as above; Af is the signal intensity in the YFP
filter set when both fluorophores are expressed; Fd and Dd are the signal
intensities in the FRET and CFP filter sets, respectively, when only the
ECFP fluorophore is expressed; Fa and Aa are the signal intensities in the
FRET and YFP filter sets, respectively, when only the EYFP fluorophore
is expressed; and G is a constant. Fd/Dd was measured with NLS-ECFP,
and Fa/Aa was measured with NLS-EYFP. G was estimated to be 4, and
varying G had little effect on the final FRET2 values, as previously noted
(Gordon et al., 1998).
RESULTS
FRET defines spatial relationships between
certain nucleoporin pairs
We first constructed 15 strains each expressing a functional
fusion of EYFP to a particular nucleoporin (Nup-EYFP).
DNA encoding EYFP was integrated into the genome at a
NUP locus, generating an open reading frame that encodes
a full-length Nup-EYFP fusion, with EYFP fused to the
C-terminus of the nucleoporin. Each Nup-EYFP fusion re-
placed the endogenous nucleoporin and was the only copy
of that nucleoporin in the cell. When viewed by fluores-
cence microscopy, each Nup-EYFP fusion localizes exclu-
sively to the nuclear envelope. Immunoblot analysis con-
firms the expression of a full-length fusion migrating at the
predicted size. We have previously described 13 Nup-EYFP
strains: Nup1, Nup82, Nic96, Nup116, Nup145C, Nup120,
Nup84, Nup85, Nup133, Nup53, Nup59, Nup188, and
Nup2 (Damelin and Silver, 2000). Using the same method,
we have generated Nup49-EYFP and Gle1-EYFP (data not
shown). The functionality of each fusion was assessed by
verifying localization at the nuclear envelope and expres-
sion of the full-length fusion under conditions in which the
nucleoporin is essential for cell viability: Nup49, Gle1,
Nup1, and Nup82 in wild type; Nup116, Nup145C,
Nup120, Nup84, Nup85, and Nup133 in wild type at 37°C;
TABLE 1 Quantitative analysis of FRET signals
ECFP fusion*
EYFP
fusion† Significance‡ Interaction§
Other
ranges¶
Nup53 Nic96 p  0.005 1.35 0.93–1.06
Nic96 Nup53 p  0.005 1.17 0.96–1.02
Nup116 Nup82 p  0.001 1.22 0.95–1.07
Nup82 Nup116 p  0.005 1.20 0.91–1.11
Nup1 Nup188 p  0.025 1.22 0.88–1.06
Nup188 Nup1 p  0.005 1.17 0.94–1.04
Nup133 Nup188 p  0.005 1.17 0.96–1.04
Nup188 Nup133 p  0.025 1.14 0.96–1.03
Nup145C Nup85 p  0.025 1.14 0.93–1.06
Nup85 Nup145C p  0.010 1.33 0.88–1.16
Nup82 Nup120 p  0.025 1.17 0.95–1.05
Nup120 Nup82 p  0.005 1.23 0.93–1.07
ECFP-Nup120 Nup145C p  0.005 1.18 0.89–1.06
ECFP-Nup120 Nup188 p  0.001 1.23 0.89–1.06
Nup84 Nup49 p  0.005 1.40 0.91–1.06
Nup85 Nup49 p  0.010 1.29 0.88–1.14
Nup188 Nup116 p  0.005 1.25 0.94–1.04
Nup120 Nic96 p  0.025 1.13 0.96–1.05
Gle1 Nup145C p  0.005 1.21 0.95–1.05
*Unless otherwise noted (for ECFP-Nup120), ECFP was fused to the
C-terminus of the nucleoporin.
†EYFP was fused to the C-terminus of each nucleoporin listed.
‡The p value from the rank sum test that is true for all comparisons of the
interacting pair and the other pairs with the same Nup-ECFP. Every p value
indicates the significance of the interaction.
§Mean ratio for the interacting pair (see Materials and Methods for details).
¶Range of mean ratios for pairs expressing the same ECFP fusion and other
EYFP fusions.
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Nup53, Nup59, and Nup188 in nup170; and Nup2 in
nup1–8. All Nup-EYFP strains grow at the same rate as
wild type. We could not generate functional fusions of
EYFP to the C-terminus of Nsp1, Nup170, Nup159, Nup57,
Nup100, or Nup42.
To study spatial relationships between nucleoporins in
vivo, we generated yeast strains expressing pairwise com-
binations of labeled nucleoporins, one fused to ECFP and
one to EYFP. A particular Nup-ECFP (also a C-terminal
fusion) was expressed in the panel of Nup-EYFP strains,
and the strains were analyzed for FRET. Direct comparisons
were made only among the set of strains with a given
Nup-ECFP, because ECFP contributes substantial cross-talk
signal. For example, to identify FRET signals between
Nup82 and the 14 other nucleoporins in the panel, DNA
encoding ECFP was integrated into the genome at the
NUP82 locus in each Nup-EYFP strain. In the resulting
cells, both fusions colocalized to the nuclear envelope and
were expressed as full-length fusions, as shown for cells
coexpressing Nup82-ECFP and Nup120-EYFP or Nup49-
EYFP (Fig. 1, A and B).
When Nup82-ECFP and Nup120-EYFP are expressed in
the same cell, a FRET signal is observed at the nuclear
envelope (Fig. 1 C). In contrast, FRET signal is not ob-
served in cells coexpressing Nup82-ECFP and Nup49-
EYFP, or Nup82-ECFP and other Nup-EYFP fusions (Fig.
1 C). Cells expressing Nup82-ECFP and Nup116-EYFP
also show a FRET signal.
The statistical significance of the FRET measurements
was assessed by quantitative analysis. FRET signals were
calculated with Eq. 1 (see Materials and Methods); in each
cell the intensity at the nuclear envelope in the FRET
channel was normalized by the intensity in the CFP channel.
The ratios for 12–15 cells per strain were compared with the
rank sum test. For instance, the rank sum test yielded p 
0.025 when Nup82/Nup120 was compared with each of the
other pairs, demonstrating the significance of the measure-
ment. Results for the Nup82/Nup116 pair are similar, with
p  0.005. Additionally, the ratios for the cells in each
strain were averaged to yield the mean ratio. In this case, the
mean ratios of Nup82/Nup120 and Nup82/Nup116 greatly
exceeded the cluster of mean ratios of the other 12 pairs. For
example, the Nup82/Nup120 value is 1.17, and the cluster
values range from 0.95 to 1.05 (Table 1). Taken together
with the visual observations (Fig. 1 C), these data indicate
specific spatial relationships between two nucleoporin pairs
involving Nup82.
Large-scale FRET analysis of spatial
relationships between nucleoporins
We extended the study to all nucleoporin combinations in the
matrix. In total, FRET signal was observed for 13 pairs:
Nup53/Nic96, Nup1/Nup188, Nup84/Nup49, Nup85/Nup49,
Nup145C/Nup85, Nup133/Nup188, Nup188/Nup116,
Nup120/Nic96, Gle1/Nup145C, Nup82/Nup116, and Nup82/
Nup120, and from experiments described below, Nup120/
Nup145C and Nup120/Nup188. The results are presented in
Fig. 2, and the quantitative analysis is summarized in Table 1.
Importantly, all p values from the rank sum test are below the
standard threshold of 0.05 and demonstrate the significance of
the measurements. We performed photobleaching experiments
as described (Damelin and Silver, 2000) and confirmed that the
FRET signals were dependent on EYFP (data not shown).
Consistent with our previous results (Damelin and Silver,
2000), the Ff/Df ratios for the background cluster are close to
those for cells expressing only ECFP fusions in the cases we
tested. For example, the mean ratio for Nup116-ECFP alone
FIGURE 1 FRET signals between yeast nucleoporins. (A) Cells coex-
pressing Nup82-ECFP and Nup120-EYFP (top panels) or Nup82-ECFP
and Nup49-EYFP (bottom panels) were viewed by fluorescence micros-
copy with Nomarski optics and filter sets for CFP (left panels) and YFP
(right panels). (B) Whole-cell lysates of cells coexpressing Nup82-ECFP
and Nup120-EYFP, or Nup82-ECFP and Nup49-EYFP, were resolved by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted
with -GFP antibody. (C) Cells coexpressing Nup82-ECFP and either
Nup120-EYFP, Nup49-EYFP, Nup53-EYFP, or Nup1-EYFP were viewed
by fluorescence microscopy with the FRET filter set, which allows selec-
tive excitation of ECFP and monitoring of EYFP emission. (D) Cells
coexpressing Nup116-ECFP and Nup82-EYFP, or Nup116-ECFP and
Nup1-EYFP, or Nup116-ECFP alone were viewed with the FRET filter set.
Below each image is the mean ratio for that strain (see Materials and
Methods).
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and Nup116-ECFP/Nup1-EYFP are similar, whereas that for
Nup116-ECFP/Nup82-EYFP is much higher (Fig. 1 D).
The nucleoporin pairs yielding FRET signals in this study
include several pairs of nucleoporins that previously have
been shown to interact. The FRET data are consistent with
independent biochemical evidence for four interactions:
Nup116/Nup82 (Ho et al., 2000; Bailer et al., 2000), Nup53/
Nic96 (Fahrenkrog et al., 2000), and Nup145C/Nup85 and
Nup120/Nup145C (Rappsilber et al., 2000). Additionally,
Nup1 copurifies with Nup170 (Kenna et al., 1996), which is
in a subcomplex that has several genetic interactions with
Nup188 (Nehrbass et al., 1996; Marelli et al., 1998), con-
sistent with our observed FRET signal between Nup1 and
Nup188. Several documented nucleoporin interactions were
not detected in this study, because some of the nucleoporins
could not be tagged with the fluorescent protein, and pos-
sibly because the particular conformations of some interac-
tions are not amenable to the strict requirements for FRET.
Genetic analysis of nucleoporin pairs yielding
FRET signal
To further substantiate the FRET data for certain nucleo-
porin pairs, we examined the localization of Nup-EYFP
fusions in cells containing a mutation in the other nucleo-
porin. Nup120-EYFP shows a striking mislocalization in
the nic96–1 mutant, forming aggregates at one site on the
nuclear envelope (Fig. 3 A). Other Nup-EYFP fusions, such
as Nup116-EYFP and Nup188-EYFP, do not mislocalize in
the same mutant (Fig. 3 A; data not shown), implying that
the effect is specific to Nup120-EYFP. Moreover, Nic96–1
itself does not form aggregates at the nuclear envelope,
although there is partial mislocalization to the cytoplasm
(data not shown), suggesting that the Nup120-EYFP mislo-
calization in nic96–1 is caused by a loss of interaction
between Nup120 and Nic96.
We also found that Nup82-EYFP is substantially mislo-
calized to the cytoplasm in nup116 cells at 37°C compared
with wild-type cells (Fig. 3 C). Nic96-EYFP does not mis-
localize in the nup116 mutant (Fig. 3 C), showing that the
effect is specific to Nup82-EYFP. However, we cannot
explain the discrepancy between the mislocalization we
observe and the intact localization of Nup82-GFP in a
nup116 mutant, reported by Ho et al. (2000). Immunoblot
analysis showed that the Nup82-EYFP and Nup120-EYFP
fusions are expressed as full-length fusions in the mutants
(Fig. 3, B and D), eliminating the possibility that the mis-
localization is caused by proteolysis by-products. In sum-
FIGURE 2 Analysis of spatial relationships between NPC proteins. Each intersection of a Nup-ECFP column and a Nup-EYFP row represents a strain
with two labeled nups. Nucleoporin pairs yielding a significant FRET signal are indicated with a  and the interaction value. The interaction value is
relative to 1.0, the normalized average for the background strains; see Table 1 for more detail. In total, 174 strains were analyzed; 20 could not be
constructed. ECFP and EYFP were fused to the C-terminus of nucleoporins in all cases except for ECFP-Nup120. The fusions in the three rightmost
columns were used only as donors.
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mary, the two observed mislocalizations are consistent with
the FRET data for these nucleoporin pairs.
Spatial requirements for in vivo FRET signals
Although an in vivo FRET signal cannot be interpreted to
represent a direct interaction between the target proteins, it
does indicate a certain relationship between the proteins.
We performed several experiments to help determine the
nature of the spatial relationship between a pair of target
proteins yielding a FRET signal. First we examined the
effect of moving the ECFP moiety from the C-terminus to
the N-terminus of a nucleoporin, in this case Nup120.
Originally ECFP was fused to the C-terminus of Nup120, as
described above. To see whether ECFP could instead be
fused to the N-terminus of Nup120, DNA encoding ECFP
was integrated into the genome at the NUP120 locus to
generate an open reading frame that encodes a full-length
ECFP-Nup120 fusion. The ECFP-NUP120 fusion replaces
the endogenous NUP120 and is the only copy of NUP120 in
the cell. The functionality of ECFP-Nup120 was confirmed
by the viability of the cells at 37°C (where NUP120 is
required), the expression of a full-length fusion migrating at
the expected size, as seen with immunoblot analysis, and its
localization exclusively to the nuclear envelope (data not
shown).
ECFP-Nup120 was expressed in the panel of Nup-EYFP
strains, and the strains were analyzed with the FRET assay.
Significant FRET signals were observed for cells expressing
ECFP-Nup120 and Nup145C-EYFP and those expressing
ECFP-Nup120 and Nup188-EYFP (Table 1). These nucleo-
porin pairs had not yielded FRET signals with ECFP fused
to the C-terminus of Nup120. Additionally, the FRET sig-
nals originally observed with Nup120-ECFP (when paired
with Nup82-EYFP and Nic96-EYFP) were no longer de-
tected with ECFP-Nup120. The FRET signals for Nup120
therefore depend on whether ECFP is fused to the N- or
C-terminus of the nucleoporin (Fig. 4). These results dem-
onstrate the high degree of specificity of the in vivo FRET
signals.
We further investigated the signal specificity by deter-
mining whether displacing EYFP with a short spacer affects
the FRET signal. First we addressed this issue in more
general terms by considering an ECFP-EYFP chimera and
inserting the spacer between ECFP and EYFP. For these
experiments we used the NLS-ECFP-EYFP construct in
which the ECFP and EYFP are physically connected and
yield a FRET signal (Damelin and Silver, 2000). In one
case, a sequence of 15 consecutive proline residues, pre-
dicted to fold into a helix of 45 Å in length (Creighton,
1984), was inserted between the ECFP and EYFP. In an-
FIGURE 3 Mislocalization of nucleoporins caused by mutations in as-
sociated nucleoporins. (A) NUP120-EYFP cells, nic96–1 NUP120-EYFP
cells, or nic96–1 NUP116-EYFP cells were grown to early log phase at
25°C and examined with the YFP filter set and Nomarski optics. (B)
Whole-cell lysates of NUP120-EYFP cells or nic96–1 NUP120-EYFP
cells were resolved by SDS-PAGE and immunoblotted with -GFP anti-
body. The 120-kDa marker is indicated. (C) NUP82-EYFP cells, nup116
NUP82-EYFP cells, or nup116 NIC96-EYFP cells were grown to log
phase at 25°C, shifted to 37°C for 2 h, and examined with the YFP filter
set and Nomarski optics. (D) Whole-cell lysates of NUP82-EYFP cells at
37°C or nup116 NUP82-EYFP cells at 25°C and 37°C were resolved by
SDS-PAGE and immunoblotted with -GFP antibody.
FIGURE 4 The specificity of in vivo FRET signals. Schematic diagram
indicating the FRET signals observed for Nup120 when ECFP is fused to
the C- versus N-terminus of Nup120. The p value is shown in each case.
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other case, the spacer consisted of a compact domain of
-spectrin that forms a three-helix bundle with the N- and
C-termini on opposite ends, separated by50 Å (Yan et al.,
1993; Speicher and Marchesi, 1984). In the resulting NLS-
ECFP-Pro(15)-EYFP and NLS-ECFP--spectrin-EYFP fu-
sions, both ECFP and EYFP are fluorescent (data not
shown) and thus properly folded. Immunoblot analysis con-
firmed the expression of the fusions migrating at their
predicted sizes (Fig. 5 B).
The FRET signal is significantly decreased in the pres-
ence of either spacer, as determined in cells expressing these
constructs (Fig. 5 A). The rank sum test yielded p  0.001
in comparisons of the NLS-ECFP-EYFP construct with
each spacer construct, indicating that the differences are
highly significant and that ECFP-EYFP FRET signals de-
pend on interfluorophore distance. In these experiments,
plasmid-based expression of ECFP and EYFP causes over-
expression as well as substantial cell-to-cell variation in
expression level, as opposed to the nucleoporin fusions for
which the DNA encoding ECFP and EYFP is integrated into
the genome. Thus FRET signal was calculated with Eq. 2 to
yield FRET2 values (see Materials and Methods); the
FRET2 calculation involves more corrections than Q used
for the nucleoporin pairs (Eq. 1). It is important to note that
changes in FRET2 values are not proportional to changes in
actual energy transfer (Gordon et al., 1998), so the extent of
decrease in actual FRET cannot be determined from the
data. This ambiguity also creates difficulty in interpreting
the amount of FRET in the spacer constructs compared with
background (ECFP  EYFP). It is not surprising that there
is some FRET because the ECFP and EYFP are tethered by
linkers that may not maintain a single conformation; for
example, the polyproline linker may not be stabilized in a
fully extended conformation in the context of this fusion.
To determine whether inserting a short spacer would also
affect nucleoporin FRET signals, we examined the Nic96-
Nup53 pair. The polyproline sequence was inserted between
Nup53 and EYFP. The resulting Nup53- Pro(15)-EYFP lo-
calizes exclusively to the nuclear envelope, and Nic96 co-
immunoprecipitates with both Nup53- Pro(15)-EYFP and
Nup53-EYFP (data not shown). We compared cells co-
expressing Nic96-ECFP and Nup53- Pro(15)-EYFP with
cells co-expressing Nic96-ECFP and Nup53-EYFP. The
signal is significantly lower in the presence of the poly-
proline spacer, with p  0.001 (Fig. 5C), and in fact is
reduced to background levels (compare values in Table 1).
Thus the FRET signal for this nucleoporin pair is sensitive
to the insertion of a short spacer. The dependence of the
FRET signals on the short spacer, and the specificity dem-
onstrated by the Nup120 experiment, suggest that the FRET
signals observed in this study correspond to nucleoporins
separated by very small distances. In other words, even
though FRET signals do not necessarily represent direct
interactions, they define a spatial relationship between the
respective target proteins in vivo.
DISCUSSION
The NPC is central to the transport of macromolecules
between the cytoplasm and nucleus. We have studied the
structural organization of the NPC in living yeast cells using
FRET. With this approach we have defined spatial relation-
ships for pairs of nucleoporins in the context of the intact
NPC. Further characterization of the FRET method has
demonstrated the specificity of the observed signals. Here
we discuss the general applications of the technique and the
implications of our results for the mechanism of nucleocy-
toplasmic transport.
Analysis of spatial relationships between
nucleoporins with FRET
The results of this study, summarized in Fig. 2, provide
several insights into the advantages of the FRET assay. The
salient characteristic is specificity, as demonstrated by the
relatively small number of interactions identified, the main-
tenance of the interactions when the ECFP and EYFP labels
for a given FRET pair are swapped, and the strong depen-
dence of FRET signals on ECFP-EYFP separation. Despite
FIGURE 5 Short spacers disrupt FRET signals. (A) FRET2 values for
cells expressing either NLS-ECFP and NLS-EYFP, NLS-ECFP-EYFP,
NLS-ECFP-Pro(15)-EYFP, or NLS-ECFP--spectrin-EYFP. (B) Whole-
cell lysates of the strains analyzed in A were resolved by SDS-PAGE and
immunoblotted with -GFP antibody. (C) Cells coexpressing Nic96-ECFP
and either Nup53-EYFP or Nup53-Pro(15)-EYFP were analyzed with the
FRET assay.
3632 Damelin and Silver
Biophysical Journal 83(6) 3626–3636
this specificity, in vivo FRET analysis cannot be used to
measure distances between the proteins or to infer direct
interactions (Lakowicz, 1983; Gordon et al., 1998).
The large panel of nucleoporins provides an excellent set
of internal controls for these experiments. Most in vivo
FRET studies compare the putative interacting pair of target
proteins with one or two noninteracting pairs. In contrast, in
the current study, for a given Nup-ECFP fusion, we iden-
tified 10 or 11 control pairs that comprise the background
cluster and one or two positive pairs yielding FRET signal.
These results reiterate the specificity and significance of the
FRET signals.
We have defined spatial relationships for 13 nucleoporin
pairs. The combinations yielding FRET signals are evenly
distributed in the panel: 14 of 16 nucleoporins were detected
in interactions (Fig. 2). Thus the slight variations in Nup-
EYFP intensities did not affect the results: nucleoporins
with slightly lower intensity are well represented, and those
with slightly higher intensity are not overrepresented. The
specificity and distribution of the nucleoporin pairs imply
that the FRET signals are genuine. We note that we do not
detect FRET signal for any pair of nucleoporins that are
predicted not to interact from previously published data, for
example, between a nucleoporin located on the cytoplasmic
face of the NPC and a nucleoporin located on the nuclear
face.
In six of eight cases tested, the FRET signal between two
nucleoporins is also observed when the ECFP and EYFP
labels are swapped, as shown in Fig. 2 where the  signs
are reflected across the diagonal. (In two untested cases the
reciprocal strains could not be constructed; see Materials
and Methods.) In the other two cases FRET signals are not
detected in the reciprocal strains, possibly because the
nucleoporins in those strains have different stoichiometries;
FRET is favored with an excess of acceptor over donor
(Clegg, 1996). For example, Nic96 is more abundant than
Nup120 (Rout et al., 2000), and FRET signal is observed for
Nup120-ECFP/Nic96-EYFP but not Nic96-ECFP/Nup120-
EYFP. Even though the signal is not observed in both
strains, the mislocalization of Nup120-EYFP in the nic96–1
mutant is consistent with the FRET data.
An unavoidable consequence of the specificity of FRET
is that some protein interactions are not detected with the
assay; the absence of FRET signal between two nucleopor-
ins cannot be interpreted to mean that those nucleoporins do
not interact. In general, limitations in interpreting negative
results are inherent in any method. The limitations for FRET
result from the strict requirements for energy transfer (see
Introduction). The linker experiments in Fig. 5 demonstrate
the dependence of in vivo FRET signal on interfluorophore
distance. Many of the nucleoporins are large, and interac-
tion domains may be distant from the fluorescent proteins.
The Nup120 experiment (Fig. 4) also addresses this point,
because the observed FRET signals are dependent on the
placement of ECFP on the N- versus C-terminus of Nup120.
Thus extending the panel to include N-terminal fusions to
all nucleoporins would increase the number of observed
FRET signals. There would still be the likelihood of missing
some interactions. However, we also note that two proteins
that copurify in a subcomplex do not necessarily interact
directly, as shown for some proteins in the Nup84 subcom-
plex (Rappsilber et al., 2000), in which case a FRET signal
would not be expected.
The major implication of the above discussion is that the
FRET signals represent very close associations, and possi-
bly direct interactions, between the respective nucleoporins.
We propose that this spatial relationship be called a FRET
interaction to convey the understanding that the target
proteins are closely associated in the physiological con-
text of the cell, even though a direct interaction cannot be
concluded.
The set of nucleoporin pairs yielding FRET signal is also
constrained by our conservative interpretation of the data.
When the mean ratios for all strains expressing a given
Nup-ECFP are compared, most values form a cluster that
establishes the background level (Table 1). We have listed
only the nucleoporin pairs yielding signal above the back-
ground cluster, but the higher values within the cluster may
also indicate FRET. Thus we infer 13 FRET-positive
nucleoporin pairs but do not exclude the possibility of
others; we expect that many nucleoporin interactions define
the structure of the NPC. The purpose of this study was not
to identify all of the nucleoporin pairs but to identify some
not previously detected with other methods. Indeed, a valu-
able aspect of the FRET assay, based on its ability to probe
interactions under physiological conditions, is to identify
pairs of proteins that have a spatial relationship that may not
be stable outside the context of the cell.
Four of the nucleoporin pairs we identified in this study
represent previously documented interactions (see Results),
but our attempts to detect interactions for some of the novel
nucleoporin pairs by immunoprecipitation were unsuccess-
ful. This might be explained by the intricate organization
of the NPC; for example, many nucleoporin interactions
are stable only in the context of larger subcomplexes
(Schlaich et al., 1997; Lutzmann et al., 2002). These com-
plications underscore the need for methods such as in vivo
FRET analysis to study the structure of macromolecular
complexes.
Refined molecular model of the NPC
Based on the spatial relationships between nucleoporins
elucidated by our FRET analysis, we propose a refined
molecular model of the yeast NPC that incorporates the 13
nucleoporin pairs from this study with existing data on the
NPC. The purpose of this model is not to submit a definitive
NPC structure but rather to suggest one way to assimilate all
of the current information on the NPC, including the spatial
relationships between 13 nucleoporin pairs as identified in
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this study. In the model, shown in Fig. 6, the black arrows
represent FRET interactions between nucleoporins and thus
imply the close association of those nucleoporins in the
context of the structure (but not necessarily direct interac-
tions). Individual nucleoporins and subcomplexes that have
been treated as discrete units are now linked to one another
in a cohesive network. The model includes 23 of the 30
nucleoporins. Fig. 6 shows one of the eight subunits of the
rotationally symmetric NPC. We note that some nucleopor-
ins may be mobile within the NPC (Nakielny et al., 1999),
but that has not been proposed for any of the nucleoporins
in our panel.
Our model of the NPC builds upon the one proposed by
Rout et al. (2000), which is based on the locations of
individual nucleoporins by immunoelectron microscopy.
The interpretation of the location analysis is limited in terms
of gaining insight into nucleoporin function for two reasons:
1) many nucleoporins are large filamentous proteins that
cannot be localized to a point, and 2) the data actually
represent the locations of the protein-A tags fused to each
nucleoporin. In contrast, the FRET-based model considers
the nucleoporins in a more functional context. The spatial
relationships between nucleoporins comprise an essential
aspect of understanding NPC structural organization yet are
not included in the Rout model. The two models constitute
complementary representations of the NPC.
Our model also allows the visualization of translocation
pathways of receptor-cargo complexes through the pore.
For example, the model has implications for the mechanism
of mRNA export by showing the spatial relationships
among several nucleoporins associated with this process.
Nup116, the Nup82 subcomplex, the Nup84 subcomplex,
and Gle1 all show defects in mRNA export when mutated
(Siniossoglou et al., 1996; Heath et al., 1995; Aitchison et
al., 1995; Gorsch et al., 1995; Murphy and Wente, 1996;
Hurwitz and Blobel, 1995; Belgareh et al., 1998; Del Priore
et al., 1996). We observe FRET signals between Nup116
and Nup82, Nup82 and Nup120, and Nup145C and Gle1.
Soluble factors carrying heterogeneous nuclear ribonucleo-
particles (hnRNPs) to the cytoplasm could move from one
binding site to another along this pathway.
CONCLUSION
Our model of the NPC is based on nucleoporin pairs with a
spatial relationship defined by FRET, as identified from the
evaluation of over 100 nucleoporin pairs. FRET has re-
vealed many novel relationships that have not been detected
by standard approaches but are consistent with previously
published data, reiterating the advantages of in situ analysis.
FRET should be applicable to the study of many other large
macromolecular complexes, including the machinery in-
volved in transcription, RNA processing, DNA replication,
and intracellular transport.
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